Introduction
Improving the precision of neutrino mass measurements is a current major challenge in modern particle and astrophysics. Electron capture spectroscopy (ECS) of the rare earth isotope 163 Ho ( 1/2 = 4570 a), which has the lowest known -value, between 2.3 and 2.8 keV [1, 2] , of isotopes decaying via electron capture, is one method to conduct such a measurement [3, 4] . The low total decay rity on a large scale, i.e., tens of nanograms to several micrograms for initial studies, and likely milligrams for future experiments. Currently, there are no fully validated methods for production and isolation of 163 Ho at the purities and quantities required.
Engle et al. [5] reviewed potential production methods to prepare 163 Ho for large-scale neutrino mass measurements, concluding that proton or neutron irradiations of dysprosium and erbium targets, respectively, can be used to produce the 163 Ho needed in sufficient quantity and radioisotopic purity for this application. Reactor production of 163 Ho requires a highly enriched 162 Er target (abundance in natural Er is 0.139%), and while this method provides a high production rate, it suffers from the coproduction of isotopic impurities, mainly 166m Ho ( 1/2 = 1200 a, 100% − ). The presence of significant amounts of 166m Ho impurity in reactor-produced 163 Ho is expected to necessitate mass separation after holmium isolation to obtain 163 Ho of sufficient isotopic purity [6] . We chose to pursue proton irradiation of dysprosium in an effort to limit the coproduction of undesired holmium isotopes.
In our proof-of-concept work, a dysprosium metal target of natural isotopic composition was irradiated with 16 MeV protons using a commercial dual particle PETtrace cyclotron, producing 10 ported scale up of radiolanthanide separation by HPLC to the semi-preparative scale. Despite many publications on rare earth separations, only a few address the isolation of 10 −9 -10 −6 g of one lanthanide element from ≥ 10 −3 g of a neighboring member of the series, and fewer still focus on the Dy-Ho pair. Yasumi et al. [11] reported on the separation of 163 Ho produced by the 164 Dy( , 2 ) 163 Ho reaction using enriched 164 Dy. Holmium was separated from the dissolved Dy target using cation exchange chromatography with -hydroxyisobutyric acid ( -HIBA) as eluent. However, the mass of dysprosium loaded onto the column was not specified, and even after an extensive eluate post-processing to remove radioisotopic contaminations, 88 Y was still present in the final product [11] .
Dadachova et al. [12] Aminex A5 cation exchange resin (13 μm particles) was found to be superior to Dowex AG 50W (37-74 μm particles) resin when -HIBA was used as an eluent [12] . Later Lahiri et al. [13] verified isolation of carrier-free 166 
Ho
and reported higher holmium end product purity. Though Aminex resin provided good separation resolution for holmium from dysprosium, it is less desirable for larger scale application due to limited availability and high cost. Experiments described herein were performed to determine if sufficient decontamination could be achieved with a less expensive and widely available resin.
Here we report the enhancement of the Ho-Dy separation resolution by HPLC using readily available AG50W-X8 cation-exchange resin with aqueous -HIBA solutions as an eluent; optimized conditions were then applied to the isolation of 163 Ho from a proton irradiated dysprosium metal target. In this chromatographic system, holmium elutes first, prior to the bulk of dysprosium, enhancing the purification of desired 163 Ho and reducing the separation time. The main goals of this study were: (1) to optimize holmium separation from dysprosium, (2) scale up separation and isolate 163 Ho from tens of milligrams of irradiated Dy metal target, (3) develop a fast and efficient process for the -HIBA removal from the collected holmium fraction and (4) to determine the amount of isolated 163 Ho in the final product. In this paper, we present the results of these experiments illustrating the feasibility of 163 Ho production using proton irradiated dysprosium and its isolation in high radioisotopic purity.
Experimental

163 Ho production
A thin dysprosium foil was irradiated for 10 h with an average proton current of 10 μA on the commercial dual particle (8 
Materials and chemicals
HPLC separation optimization
Optimization of the holmium separation from dysprosium was performed by HPLC using an analytical-sized Omnifit glass separation column (Western Analytical) filled in the laboratory with cation exchange resin AG50W-X8.
A resin bed of 6.6 mm × 32.5 cm was used for the analytical separations. The HPLC instrument consisted of an Alltech 627 pump for -HIBA delivery, a Rheodyne 7000 L injection valve with 2 mL sample loop, a Dionex GP 50 pump for post column reagent delivery and a Dionex AD 25 absorbance detector connected using a mixing "T" (Sigma-Aldrich). The chromatograms were acquired using Chromeleon 6.6 software. The Ho and Dy were detected by post-column derivatization with PAR (0.2 mmol dm −3 , pH 10) followed by absorbance measurement of the resulting complexes at 530 nm [14] . This wavelength provided the highest signal-to-noise ratio for holmium inflow injection format when no separation column was connected. Prior to column filling, the resin was washed with deionized water three times and then equilibrated with the 100 mmol dm onto the column were performed to obtain information on the peak retention times and peak width for Ho-Dy resolution calculations. Separation resolution s values were
where R1 and R2 are retention times of peak 1 and 2 and 1 , 2 are the widths of the two peaks at baseline [15] . The -HIBA and PAR were delivered at flow rates of 2.3 and 0.5 mL/min respectively.
Semi-preparative HPLC
HPLC scale-up was performed using a semi-preparative 2.54 cm × 25 cm MODcol flanged stainless steel column.
The separation column was filled with AG50W-X8 resin in 70 mmol dm −3 -HIBA, pH 4.6. The resin bed was packed by flowing the mobile phase through the column for 1 h at 11 mL/min. Pressure application caused the resin bed to settle, therefore the separation column was opened and more resin added to top off the column. This procedure was repeated two more times until no further resin bed settling was observed. For the Ho-Dy separation, mobile phase -HIBA was delivered at a flow rate of 10 mL/min.
This flow rate exceeds the rating of the detector cell, thus an adjustable make-up flow splitter from Analytical Scientific Instruments was used with setting 1 : 10 to split the flow to the detector. The PAR reagent was delivered at 0.3 mL/min. The separation was performed in 70 mmol dm −3 -HIBA, pH 4.6 mobile phase.
163 Ho isolation from irradiated dysprosium foil
Irradiated foil digestion, radiochemical separation and sample purification were carried out in a radiological fume hood. In order to reduce the mass of Dy to be loaded on the HPLC column, autoradiography was used to identify the activated area of the foil. A series of excisions were performed, with the foil center and trimmings counted after each cut via -spectrometry using EG&G Ortec Model GMX-35200-S HPGe detector system as described in [16] . tracer. Stable holmium solutions were used to evaluate recovery of the two step purification procedure. Holmium standards and holmium prior and after purification were measured using ICP-AES.
ICP-AES analysis
Inductively coupled plasma atomic emission spectroscopy (ICPE-9000 Multitype ICP Emission Spectrometer, Shimadzu Corp.) was used to measure holmium concentration prior and after the two step purification to evaluate the holmium recovery in this process. A stable holmium spike of 14 μg was added into 850 mL of 70 mmol dm −3 -HIBA, pH 4.6, which was the expected volume of the Ho fraction after HPLC. The two-step extraction process was performed as described above. The concentration of holmium in the eluate after extraction chromatography with DGA was measured using ICP-AES and used to calculate the recovery from the final purification steps.
ICP-MS analysis
Samples of holmium and dysprosium were dissolved in 3 Results and discussion
HPLC separation optimization
In ion-exchange chromatography, the strength of ionic interaction between the oppositely charged ions or ionic groups in the sample molecule and the functional ligand of the stationary phase is governed by the concentration of the hydrated ions, the concentration of the complexing agent in the mobile phase and by the pH of the eluent matrix. Positively charged lanthanide ions form complexes with -HIBA which lowers the affinity of the lanthanide for the cation-exchange resin. Therefore, the effect of -HIBA concentration and eluent pH on holmium and dysprosium retention was investigated in order to optimize Ho-Dy separation resolution. Initially, an analytical-sized chromatographic column was used to establish HPLC separation conditions. Holmium and dysprosium were detected by post-column derivatization with PAR followed by spectrophotometric detection [14] . First, the concentration of -HIBA was varied from 100 to 60 mmol dm −3 in 5-10 mmol dm −3 increments at constant eluent pH = 5.6.
At this pH, -HIBA is largely deprotonated (pKa = 3.97).
With decreasing -HIBA concentration, holmium and dys- prosium retention times and Ho-Dy separation resolution increased as shown in Figure 1A and B. Figure 1A displays an overlay of chromatograms when single injections of either 50 μg of holmium or 500 μg of dysprosium was acquired using -HIBA of varying concentration. Holmium and dysprosium retention times as well as calculated HoDy resolution as a function of -HIBA concentration are shown in Figure 1B . Resolution for the Ho-Dy pair increased from 0.37 to 1.28 when -HIBA concentration decreased from 100 to 60 mmol dm −3 . At -HIBA concentration below 65 mmol dm −3 retention times of holmium and dysprosium increased significantly while resolution improves only marginally due to peak band broadening. Furthermore, the influence of mobile phase pH on the separation of holmium and dysprosium was explored by performing the separation using eluate pHs of 5.6, 4.6 and 4.2 at constant -HIBA concentration of 70 mmol dm
With decreasing pH from 5.6 to 4.6, holmium and dysprosium retention times increased and their resolution increased as summarized in Table 1 . However, with further decrease of pH to 4.2, the retention time of holmium more than tripled, resulting in severe peak band broadening. The chromatogram for dysprosium was not acquired due 
Semi-preparative HPLC and 163 Ho isolation
Scale-up of the separation was performed to accommodate the large mass of the dysprosium target material. A typical chromatogram of separation of 500 μg of holmium from 112 mg dysprosium, chosen as representative masses from irradiation, acquired in 70 mmol dm −3 -HIBA, pH 4.6 using a 2.5 × 25 cm sized semi-preparative HPLC column is shown in Figure 2 . The entire chromatogram was collected to demonstrate the difference in Ho and Dy mass loaded onto the chromatographic column. During dysprosium elution, -HIBA concentration was raised three times to 0.1, 0.2 and finally to 0.4 mol dm −3 , pH 5.6 to accelerate the elution of dysprosium from the column, causing a distortion of Dy peak shape and the appearance of several spikes in the chromatogram during Dy elution.
The effect of variation in the dysprosium mass loaded onto the semi-preparative separation column was also studied. Comparison of chromatograms acquired when 112 or 280 mg of Dy were loaded on the column under otherwise identical conditions (e.g., Ho concentration and separation parameters) is displayed in Figure 3 . At the higher mass of 280 mg, holmium is no longer resolved from the dysprosium peak. This experiment motivated the reduction of the 377 mg dysprosium target mass prior to under- taking chromatographic separation of the irradiated target. Dysprosium target mass reduction provided two major improvements: (1) improved Ho-Dy separation resolution and thus higher purity of isolated Ho fraction and (2) reduced amount of stable 165 Ho impurity in the final product since a small amount of 165 Ho is present as an impurity in the dysprosium target material. A reduced Dy mass allows for the use of only one HPLC separation using the semi-preparative column, without further scale up or employment of two consecutive HPLC separations to achieve the desired resolution of Ho from Dy.
Autoradiography was performed to identify the activated area of the foil for excision. Table 2 shows the effect of dysprosium target mass reduction on the expected amount of 165 Ho impurity in the Dy material, the amount of 163 Ho predicted from irradiation parameters and TALYS/TENDL excitation functions [18] , and the predicted 165 
Ho/
163 Ho ratio in the isolated 163 Ho product. Trimming only the edges of the dysprosium foil resulted in a 33% reduction in Dy mass and no loss of 163 Ho, as evaluated by gamma spectroscopy using 159 Dy
( 1/2 144 d, EC, ) co-produced during irradiation. As indicated in Figure 3 , reducing the Dy target to 253 mg would not provide complete Ho separation from bulk Dy and would necessitate a second separation step to obtain product sufficiently purified of Dy. Therefore, in order to further improve the Ho-Dy resolution and also to reduce the Table 2 ), justifying the loss of 163 Ho.
The chromatogram in Figure 4 was obtained when an identical mass of 54.5 mg of un-irradiated dysprosium foil from the same batch and lot as the irradiated foil was dissolved, and the resulting solution separated using the semi-preparative column with 70 mmol dm 10 mL/min when tested with 150 Eu as a lanthanide tracer.
Thorough washing of the column was performed with a total of 500 mL of 0.1 mol dm −3 HNO 3 to remove -HIBA. Upon evaporation of the last five 10 mL − aliquots of collected column washes, decreasing amounts of -HIBA were observed, visible as residues in the evaporation vial. After these washes, holmium was eluted with 20 mL of 8 mol dm −3 HNO 3 . Dadachova et al. [12] report of an -HIBA-free product using a similar procedure. However, we found -HIBA in the last 10 mL aliquot of the wash as a visible residue. Therefore, a final purification using a column with a resin of branched DGA was employed to remove remaining traces of -HIBA. More efficient washing of -HIBA is achieved with this resin because a higher concentration of HNO 3 can be used than on the AG50W-X8 column without eluting holmium, which helps to completely dissociate the -HIBA-lanthanide complex.
The eluate from the AG50W-X8 column was loaded onto a 1.2 mL column with DGA resin, branched, and the column was washed with 4 × 10 mL of 8 mol dm −3 HNO 3 .
Holmium was eluted with 5 mL of 0.01 M HNO 3 . Recovery efficiency of the two-step purification was evaluated using 14 μg of stable Ho added into a volume identical to the volume of eluent (850 cm 3 of 70 mmol dm −3 -HIBA, pH 4.6). The dysprosium target material contained 250 ppm of stable holmium, thus 14 μg of stable Ho was used as a test since this amount was expected as an impurity in the 54.5 mg of dysprosium target as shown in Table 2 . Holmium recovery from the two step purification process was calculated at 81.8 ± 0.6% based on a Ho concentration determined by ICP-AES. (1) losses during the purification process after HPLC separation (81.8 ± 0.6% Ho recovery) and (2) due to sacrificing part of the holmium fraction per Figure 4 to improve decontamination of the product from dysprosium.
Isolated 163 Ho analysis by MC-ICP-MS
Conclusions
Separation of 24.8 ± 1.3 ng of 163 Ho and 9.82 ± 0.40 μg of 165 Ho from a dysprosium target of rather large mass (54.5 mg) was accomplished using semi-preparative HPLC with a cation-exchange resin and 70 mmol dm −3 -HIBA, pH 4.6 as an eluent. A one-step HPLC purification process followed by -HIBA removal and holmium preconcentration resulted in a decontamination factor 1.4 × 10 5 for Dy.
MC-ICP-MS was used to determine Ho and Dy in the final isolated fraction. The analysis revealed that a sufficient amount of 163 Ho, over 400 Bq, was isolated for detector development for neutrino mass determination using electron capture spectroscopy. No 166m Ho was found in the isolated product using -ray spectrometry, indicating that 163 Ho obtained via proton irradiation of dysprosium provides superior radioisotopic purity compared to the product obtained via neutron irradiation of 162 Er [6] . A 72.2 ± 2.9% holmium recovery was achieved for the overall dissolution, separation and purification process, calculated from stable holmium content in irradiated Dy target material. An 81.8 ± 0.6% recovery of holmium from the two step purification process after HPLC separation was achieved.
The developed HPLC method can be readily scaled up to accommodate up to several grams of dysprosium target mass using a larger preparative column. Similar separation conditions can be extended to other neighboring lanthanide pairs after adjustment of eluent concentration and/or pH as indicated in [19] . One possible example of using this method would be the isolation of other lanthanide isotopes from irradiated rare earth targets for the measurement of neutron capture cross-sections; many of these are either still unknown or poorly investigated. In the future, we plan to irradiate a high purity dysprosium target containing minimal amount of stable holmium and improve the Ho-Dy separation resolution by sieving existing resin supplies to reduce resin bead size and distribution. We also plan to scale-up the separation to accommodate the several-gram dysprosium target masses needed for highresolution neutrino experiments using microcalorimeter detectors. Megabecquerel amounts of 163 Ho for future use can be prepared via proton irradiation of such a Dy target at the Isotope Production Facility at Los Alamos National Laboratory where production rates of MBq/week of 163 Ho are possible. To make the larger-scale isolation of 163 Ho from grams of Dy possible, we will test liquid-liquid extraction followed by HPLC separation, combination of preparative and semi-preparative HPLC and parallel processing of target fractions. We will consider alternative resins (e.g., AMINEX) with smaller resin bead size to achieve higher resolution of Ho and Dy if satisfactory resolution is not achieved using AG50W-X8.
